Abstract. This paper describes the experimental design and model results of the climate simulations of the mid-Pliocene Warm Period (mPWP, ca. 3.3-3 Ma) using the Institut Pierre Simon Laplace model (IPSLCM5A), in the framework of the Pliocene Model Intercomparison Project (PlioMIP). We use the IPSL atmosphere ocean general circulation model (AOGCM), and its atmospheric component alone (AGCM), to simulate the climate of the mPWP. Boundary conditions such as sea surface temperatures (SSTs), topography, ice-sheet extent and vegetation are derived from the ones imposed by the Pliocene Model Intercomparison Project (PlioMIP), described in Haywood et al. (2010 Haywood et al. ( , 2011 . We first describe the IPSL model main features, and then give a full description of the boundary conditions used for atmospheric model and coupled model experiments. The climatic outputs of the mPWP simulations are detailed and compared to the corresponding control simulations. The simulated warming relative to the control simulation is 1.94 • C in the atmospheric and 2.07 • C in the coupled model experiments. In both experiments, warming is larger at high latitudes. Mechanisms governing the simulated precipitation patterns are different in the coupled model than in the atmospheric model alone, because of the reduced gradients in imposed SSTs, which impacts the Hadley and Walker circulations. In addition, a sensitivity test to the change of landsea mask in the atmospheric model, representing a sea-level change from present-day to 25 m higher during the midPliocene, is described. We find that surface temperature differences can be large (several degrees Celsius) but are restricted to the areas that were changed from ocean to land or vice versa. In terms of precipitation, impact on polar regions is minor although the change in land-sea mask is significant in these areas.
Introduction
The mid-Pliocene Warm Period (mPWP, is the most recent period in geological history when Earth experienced a warmer climate than the preindustrial during a sustained period of time, longer than interglacial periods of the last million years. Moreover, the mPWP being a quite recent period at the geological scale, continents position is similar to the present one, and the CO 2 content is very close to present-day one (405 ppm), both conditions making the mPWP a relevant analogue for future global warming. Nevertheless, it must be kept in mind that the mPWP climate is simulated in equilibrium with prescribed boundary conditions whereas the future climate will be very far from equilibrium due to a rapid increase of forcings (Crowley, 1991) . One issue is to assess whether or not climate models are able to reproduce a warmer than today climate, and to determine model biases (Crowley, 1996; Salzmann et al., 2009) . Availability of data generally decreases when one goes back in time, but the mPWP being a quite recent period and also a sustained one (∼300 000 yr), numerous terrestrial and marine records are available (e.g. Dowsett et al., 1999; Robinson et al., 2008; Salzmann et al., 2008; , and made it possible to build datasets that are used for deriving vegetation and sea surface temperatures (SSTs). These databases include a large quantity of data and allow a more accurate interpretation of the mPWP climate. They are now
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at a global level that enables comparison with model results. On their side modellers show increased interest in simulating the mPWP. Since the Piacenzian period is globally warmer than any interglacial, and occurred just before the onset of Northern Hemisphere Glaciation and the glacial-interglacial driven climates, it is certainly an interesting target for paleoclimate modellers. After the pioneering simulations performed by Chandler et al. (1994) , Sloan et al. (1996) and Haywood et al. (2000) , it is now a large group who shares similar boundary conditions thanks to the PlioMIP initiative, in order to compare model results. This aspect makes it important to document each group's implementation of boundary conditions, models and their basic results. We present simulations of the mid-Pliocene climate carried out with the atmosphere-ocean general circulation model (AOGCM) of the Institut Pierre Simon Laplace (IPSL), and with its atmospheric component alone (AGCM). The boundary conditions used are the ones used in the PlioMIP framework (Haywood et al., 2010 (Haywood et al., , 2011 . We also present a sensitivity test to the change of the land-sea mask in the atmospheric model, representing a 25 m sea-level rise.
Model description
The coupled atmosphere-ocean general circulation model (AOGCM) used in this study is IPSLCM5A, which is a higher resolution version of the IPSLCM4 coupled atmosphere-ocean GCM (Marti et al., 2010 ) that was previously used for CMIP3/IPCC AR4 (Dufresne et al., 2005) . A detailed description of the different components can be found in Dufresne et al. (2012) . The different components of the model i.e. atmosphere, land surface, ocean and sea-ice are also shortly detailed in the following. All these components are coupled via the OASIS coupler (Valcke, 2006) . For the atmosphere-only simulations (AGCM), the ocean and sea-ice components are not used, SSTs and sea-ice are imposed.
LMDZ5A atmosphere model
The following description of the LMDZ model is based on Hourdin et al. (2006) and Hourdin et al. (2012) . Details about the physical parametrisation can be found in Hourdin et al. (2006) . LMDZ is the climate model developed at Laboratoire de Météorologie Dynamique, in Paris. This model has the specificity to be zoomed (the Z of LMDZ) if necessary on a specific region and then may be used for regional studies (e.g., Jost et al., 2009) . Atmosphere dynamics are represented by a finite-difference discretisation of the primitive equations of meteorology (e.g., Sadourny and Laval, 1984) on a longitude-latitude Arakawa C-grid (e.g., Kasahara, 1977) . The chosen resolution of the model is 96 × 95 × 39, corresponding to an interval of 3.75 degrees in longitude and 1.9 degrees in latitude. There are 39 vertical levels, with around 15 levels above 20 km, its resolution in the stratosphere being close to a previous stratospheric version of LMDZ4 described by Lott et al. (2005) . A leapfrog scheme is used for time integration. The Morcrette (1991) scheme is used for radiative transfer. Effects of the subgrid scale orography are parametrised according to Lott (1999) .
ORCHIDEE land surface model
ORCHIDEE (Organizing Carbon and Hydrology In Dynamic Ecosystems, Krinner et al., 2005 ) is composed of three modules: hydrology, carbon cycle and vegetation dynamics. The hydrological module, SECHIBA (Ducoudré et al., 1993; de Rosnay and Polcher, 1998) , describes exchange of energy and water between atmosphere and biosphere, and the soil water budget (Krinner et al., 2005) . The river routing scheme combines the river flow with a cascade of three reservoirs: the stream and two soil reservoirs with different time constants (Marti et al., 2010) . Vegetation dynamics parametrisation is derived from the dynamic global vegetation model LPJ (Sitch et al., 2003; Krinner et al., 2005) . The carbon cycle model simulates phenology and carbon dynamics of the terrestrial biosphere (Krinner et al., 2005) . Vegetation distributions are described using 13 plant functional types (PFTs) including agricultural C3 and C4 plants, which are not used in the mPWP simulations, bringing down the number of PFTs to 11, including bare soil. In our case, hydrology and carbon modules are activated, but vegetation is prescribed, using 11 PFTs, derived from the PRISM3 vegetation dataset (Salzmann et al., 2008) . Therefore, soil, litter, and vegetation carbon pools (including leaf mass and thus LAI) are calculated as a function of dynamic carbon allocation (Krinner et al., 2005) .
NEMO ocean model
The ocean model version is NEMOv3.2 (Nucleus for European Modelling of the Ocean, Madec, 2008) , used with a resolution of 182×149×31. We summarize here the main characteristics of the model as described by Marti et al. (2010) . Details of the ocean physics and boundary conditions can be found in Madec et al. (1997) . The ocean configuration ORCA2.3 uses a tripolar grid with horizontal curvilinear mesh (Madec and Imbard, 1996; Murray, 1996) , with two poles in the Northern Hemisphere, over Canada and Siberia, to overcome the North Pole singularity. Mean grid spacing is about 2 degrees. Latitudinal resolution is refined to 0.5 degree near the equator and 1 degree in the Mediterranean Sea. The Gibraltar Strait has a width of 111 km, and is explicitly resolved. There are 31 vertical levels in the ocean, with 10 levels in the top 100 m. A total variance dissipation scheme is used for advection of temperature and salinity (Lévy et al., 2001; Cravatte et al., 2007) . A conservation scheme of both energy and enstrophy is used in the momentum equation (Arakawa and Lamb, 1981; Le Sommer et al., 2009) . 
LIM sea-ice model
The sea-ice model used is LIM2 (Louvain-la-Neuve Sea Ice Model), a thermodynamic-dynamic sea-ice model described in Morales-Maqueda (1997, 1999) . We present here the main features of the model as described in the latter paper (Fichefet and Morales-Maqueda, 1999) . A three-layer model determines vertical heat conduction and sensible heat storage inside ice and snow. There is one layer for snow and two layers for ice. Trapping of shortwave radiation by brine pockets resulting in latent heat storage inside the ice is taken into account. The model also allows for the presence of leads within the ice pack. Vertical and lateral growth/decay rates are obtained from the prognostic energy budgets at both the bottom and surface boundaries of the snow-ice cover and in leads. Surface albedo is parametrised as a function of surface temperature and of snow and ice thicknesses. LIM runs on the same grid than NEMO (Marti et al., 2010) .
Experimental design

Pre-industrial
For the AGCM experiments, the control simulation boundary conditions (i.e. SSTs, vegetation, topography and icesheet extents) are set to modern. Imposed SSTs are the mean value for 1988-2007. Greenhouse gases, solar constant and orbital parameters are set to Pre-industrial values as required by CMIP5/PMIP3, i.e. solar constant is 1365 W m −2 , CO 2 content is 280 ppm, CH 4 content is 760 ppb, and N 2 O content is 270 ppb. For the AOGCM experiments, the control simulation was performed as required by CMIP5/PMIP3 by the LSCE modelling group. It is a 2800 yr simulation which already started from equilibrium conditions. 
Mid-Pliocene
The experimental design and boundary conditions follow the protocol of "alternate" simulations described in Haywood et al. (2010 Haywood et al. ( , 2011 for AGCM and AOGCM simulations. Boundary conditions are built on a modern coastline, because of the challenge of changing the land-sea mask in the ocean model. Since a modern coastline makes the simulation a little unrealistic to be able to compare with data (especially on coastal areas), we decided to perform an AGCM simulation with "preferred" boundary conditions, named Plio1 pref. The difference between results from "alternate" and "preferred" AGCM simulations will be discussed in Sect. 4.4. The AGCM outputs presented below are the ones with alternate boundary conditions, named Plio1 alt.
Boundary conditions
For experiment 1 (i.e. for AGCM simulation, as defined in Haywood et al., 2010) , two simulations were performed: the first with modern land-sea mask, called Plio1 alt, and the second with Pliocene land-sea mask, Plio1 pref, corresponding to a 25 m sea-level rise (Fig. 1) . The boundary conditions implemented were these given in Haywood et al. (2010) , "alternate" set of boundary conditions for Plio1 alt, and "preferred" set for Plio1 pref. Both experiments use the anomaly method for implementation of topography and SSTs, as stated in Haywood et al. (2010 Haywood et al. ( , 2011 . For topography, the difference between the mid-Pliocene topographic reconstruction (Sohl et al., 2009 ) and the modern topography provided by the PRISM group (Edwards et al., 1992) was added to the IPSL model topography (Fig. 2) . When the resulting topography was lower than zero, absolute mid-Pliocene topography was implemented. The same method was used for SSTs, the difference between the mid-Pliocene SST reconstruction (Dowsett, 2007b; Robinson et al., 2008; ) and the modern SSTs provided by the PRISM group (Reynolds and Smith, 1995) was added to the IPSL model SSTs (Fig. 3) . For the modern scenarios, in AGCM and in AOGCM, modern icesheets are imposed. For the Pliocene scenarios, AGCM and AOGCM, PRISM3 ice-sheets are imposed (Hill et al., 2007; Salzmann et al., 2008; Hill, 2009) . For the Pliocene scenarios, regions where ice-sheets are removed are replaced by the corresponding plant functional types from the PRISM3 vegetation reconstruction (Salzmann et al., 2008) . For the change of vegetation, the BIOME4 dataset provided by the PRISM3 project (Salzmann et al., 2008) was converted into 28 combinations of 11 plant functional types (PFTs) ( Table 1 and Fig. 4 ) to be used as boundary conditions in the IPSL model. Ocean gateways were not changed compared to preindustrial conditions (Fig. 1) . For river routing and soils, no modification was done. For experiment 2 (i.e. with the AOGCM), the outputs of the "alternate" AGCM simulation are used as a forcing for atmosphere, land surface and carbon cycle components. The ocean starts from the CMIP5/PMIP3 control experiment outputs. For each mid-Pliocene simulation, solar constant, greenhouse gases, aerosols and orbital parameters are the same than in the control run except for CO 2 that was prescribed to 405 ppm as required by Haywood et al. (2010 Haywood et al. ( , 2011 .
Spin-up and climatological means
For AGCM experiments (Control, Plio1 alt and Plio1 pref) the spin up was set to 20 yr and presented results are 30 yrclimatological-means, as required by Haywood et al. (2010) . For AOGCM experiment, the spin-up was set to 600 yr and the integration length is set to 50 yr, the simulation having achieved 650 yr up to now (Fig. 6) .
Results
Surface temperature
Mean annual global values for the main variables can be found in Table 2 . With the AGCM, mean annual global warming is 1.94 • C compared to the control simulation. The mid-Pliocene mean annual temperature is 17 • C, which is similar to the value obtained with MIROC AGCM (16.68 • C, Chan et al., 2011) . Warming is larger at high latitudes with an anomaly of +10 • C at 80 • N, and +7.5 • C at 70 • S (Figs. 7  and 8 ). With the coupled AOGCM, a similar warming of +2.07 • C is found, although warming at high latitudes is less intense, particularly for the Northern part, where the warming is maximum at 75 • N, and only reaches +6.57 • C (Figs. 7 and 9 ). In the AGCM simulation results, patterns of several degrees of cooling also appear, particularly in June-July-August for regions of the Northern Hemisphere, namely Central and Eastern Africa, India and the Himalayas; and in December-January-February over Australia (Fig. 8) . These cooling patterns do not exist in the AOGCM simulation, which on the opposite, shows a small warming in these regions (Fig. 9 ). These differences can be explained by the difference between calculated SSTs and imposed SSTs (Fig. 12, right panel) . Changes of temperature on mountain regions, that are similar in both simulations, can be explained by the change in topography. Regions which show a cooling coincide with higher elevation during the mid-Pliocene:
Eastern Antarctica, eastern part of the Andes, eastern part of the Rocky Mountains, southern Himalaya. Conversely, increase in temperature is found where topography is lower: coastal Eastern Antarctica, West Antarctica, Western Greenland, Western Andes, Western Rocky mountains and Northern Himalayas. On Greenland and Antarctica, the removal of the ice-sheets creates a great warming which is due to both albedo ( Fig. 5 ) and topography effects. Simulated warming over Greenland and Antarctica is similar in the AGCM and AOGCM, with temperature anomalies reaching +25 to +30 • C. These values are similar to the AGCM results of Koenig et al. (2012) . In the tropics, warming is larger in the AOGCM simulation than in the AGCM simulation (Fig. 7 , right panel).
Precipitation
Although there is almost no change in the global values of precipitation, (Table 2, +0.05 mm day −1 for AGCM, and +0.13 mm day −1 for AOGCM), precipitation patterns are significantly impacted in the AGCM (Fig. 11, upper  panel) . Indeed, there are significant changes at low latitudes: precipitation increases in many regions like Central Africa, Northern and Eastern Australia, and some parts of the Amazon Basin. Meanwhile, precipitation decreases in the tropical Indian and Pacific Oceans. These differences are similar to those observed with the MRI AGCM, explained by a general slowing down of the Walker circulation due to the reduced East-West SST gradient in the tropics (Kamae et al., 2011) , which induces a broadening of the ITCZ (Figs. 10, right panel and 11, upper panel). There is also an increase in precipitation over the North Atlantic region, where imposed SSTs show a great warming (Fig. 11, upper panel) . Moreover the data provided over Pacific with a Western tropical Pacific unchanged but an Eastern Pacific temperature increase of around 4 • C induce a weakening of the Walker cell which has been interpreted as a permanent El-Niño (Ravelo et al., 2004) . This pattern has been shown to explain large scale precipitation changes (Kamae et al., 2011) . All these features are also observed in our simulation, especially concerning the precipitation pattern. This is the response of AGCM to SST changes. Most of PlioMIP AGCMs may depict these features. However, in the AOGCM, precipitation response is different from the AGCM one. There is no significant change Fig. 8 . AGCM mid-Pliocene (Plio1 alt) mean surface temperatures (left) for yearly average, December-January-February, June-July-August, and their anomaly to the control (right), expressed in degrees Celsius. Fig. 9 . AOGCM mid-Pliocene mean surface temperatures (left) for yearly average, December-January-February, June-July-August, and their anomaly to the control (right), expressed in degrees Celsius. in the precipitation pattern, but a precipitation increase inside the ITCZ (Fig. 11 , lower right panel). These differences between AGCM and AOGCM are explained by the differences between calculated SSTs in the AOGCM and imposed SSTs in the AGCM (Fig. 12, right panel) and are further investigated in the Discussion section.
Sea surface temperature
One of the challenges of mPWP coupled model simulations is to investigate if the North Atlantic high warming pattern inferred from SST reconstructions can be reproduced. Our AOGCM simulation reproduces some warming in the Norwegian and Barents Seas, and in some regions of the North Atlantic Ocean (Fig. 12 , left panel) but is unsuccessful in reproducing the global warming pattern in the Norwegian and Barents Seas, Artic Ocean and North Atlantic (Fig. 12 , right panel) shown in the PRISM3 SST dataset (Dowsett, 2007b; Robinson et al., 2008; ). Globally, SSTs are warmer than the control, except in the Southern Pacific, where SSTs are slightly cooler. Moreover, the tropical SST increase is larger in the AOGCM than the imposed SST anomaly in the AGCM (Fig. 12, right  panel) .The other main interest of coupled AOGCM simulations is to investigate whether the East-West SST gradient is reduced in the tropical Pacific. In our simulation, the tropical oceans, including the Pacific, warm uniformly (Fig. 12 , left panel), there is no differential warming in the Eastern Pacific which could induce a reduction of the East-West gradient. The reconstructed pattern of warming in the Eastern tropical Pacific could be related with variability in the Pacific, which may not be properly captured by AOGCM simulations (Ravelo et al., 2004) .
Sensitivity test to the change of land-sea mask in the AGCM
The change in sea-level is likely to be changing climate in coastal areas. Notably, we are interested in its impact on Antarctica, because it is the region most impacted by the sea-level rise (Fig. 1) . The surface temperature and total precipitation differences between the AGCM simulation with "preferred" boundary conditions and the one with "alternate" boundary conditions can be seen in Fig. 13 . Significant changes of surface temperature appear where grid cells were turned from land to sea, or conversely. The largest warming signal is observed on the Hudson Bay and on the coast of Eastern Antarctic. However, this temperature change is not correlated with a precipitation change. It seems that, at least as simulated with LMDZ5A, the 25 m sea-level rise could have an impact on the ice-sheet melting, because some areas are subject to an increase in temperature. However, there is no precipitation change over the polar regions, a small sea-level rise might not affect the growth of the ice-sheet. Meanwhile, precipitation patterns are impacted in the tropics, namely, it increases over the Caribbeans and in Indonesia, where precipitation increases in the Southern part while it decreases in the Northern part, probably because of the landsea distribution change (Fig. 1) . This issue could be further investigated using a coupled AOGCM which would calculate the SST and sea-ice change correlated with a 25 m sea-level rise.
Discussion
It is important to note that the simulated warming is close to +2 • C for both AGCM and AOGCM simulations, which is a reasonable value for annually averaged surface temperature anomaly compared to other AGCM simulations (Koenig et al., 2012; Yan et al., 2012) , and is slightly cooler compared to other AOGCM simulations which reach around +3 • C of warming compared to their control (Chan et al., 2011; Zhang et al., 2012) . The warming pattern is also similar to other PlioMIP simulations: warming is mostly concentrated at high latitudes with large areas experiencing a very high warming, namely Greenland, some parts of Antarctica, North Atlantic Ocean and Southern Ocean during austral winter (Figs. 8 and  9 ). Nevertheless there are major differences in AGCM and AOGCM simulations. First, even if the largest increase in global temperature is obtained using the AOGCM, the absolute warmest mid-Pliocene simulation is the AGCM one (cf. Table 2 ). This is due to the fact that the AOGCM control simulation is cooler than the AGCM control one. The zonal distribution of the warming in the mid-Pliocene simulations compared to the control (Fig. 7, right panel) , differs in particular in the Northern high latitudes between AGCM and AOGCM. Similarly to other AGCM simulations (Koenig et al., 2012; Yan et al., 2012) , prescribed SSTs imposed this pattern in the Northern high latitudes. In the tropics, large monsoon changes are produced by the imposed SSTs (Fig. 11 , upper right panel). Previous studies using PRISM2 boundary conditions (Dowsett et al., 1999; Dowsett, 2007a) and AGCM ) have shown that the large changes in high latitude SSTs versus mostly unchanged equatorial SSTs produce a large weakening of the Hadley cell. This feature is indeed amplified by albedo feedback due to the reduction of sea-ice and land-ice cover (Koenig et al., 2012) . The same mechanism is observed but for cold conditions when an AGCM simulates the Last Glacial Maximum climate: due to the increase of the equator to pole gradient, the Hadley cell increases (Ramstein et al., 1998; Jost et al., 2005) . More recently, using the new dataset PRISM3 (Dowsett, 2007b; Robinson et al., 2008; , new AGCM simulations depict that the large scale pattern of mid-Pliocene SSTs induces a major re-organisation of atmospheric circulation, the Hadley cell response is shown to weaken with its ascending branches extending polewards (Kamae et al., 2011; Yan et al., 2012) . The AOGCM simulation is therefore interesting because the ocean is free to respond to the mid-Pliocene forcing. The major difference is the reduced heat export from equator to pole, leading to a warmer tropical ocean and a seriously reduced warming for both hemispheres high latitudes but mainly for North Atlantic (Figs. 7 and 12, right panel). These features are not specific to the IPSL model and demonstrate that there is some missing feedback if simulations have to reproduce the data in these regions. Most of AOGCM simulations do not show a consistent North Atlantic heat transport compared to data. From that point of view thanks to the PlioMIP comparison, a large number of model results are available to investigate whether some feedback could be identified to reconcile simulations and data over this region.
On the other hand we have to keep a critical eye on alkenone Fig. 13 . Surface temperature difference between the "preferred" AGCM simulation and the "alternate" AGCM simulation, i.e. Plio1 pref minus Plio1 alt, expressed in degrees Celsius (left) and total precipitation difference (Plio1 pref minus Plio1 alt) expressed in mm day −1 (right).
data, which could possibly represent summer temperatures (Leduc et al., 2010) .
Summary and conclusions
The mid-Pliocene Warm Period is the last sustained period of time (3.3 to 3 Ma) when temperatures reached +2 to +3 • C of warming compared to today. Sea surface temperature reconstructions show that warming is larger at high latitudes, and so do model results. Since the mid-Pliocene Warm Period can be considered as an interesting period to compare with future global warming in terms of CO 2 concentration and magnitude of the warming, this period is of high interest for understanding feedbacks and mechanisms that sustained such a warm climate. The PlioMIP will help understand the strengths and weaknesses of each model when simulating a warmer than today climate. Areas where there is a model/data mismatch may be good targets to understand regional features. Multi-model comparison can also help us to pinpoint the processes involved in such a warming. In this study, we described the implementation of the PRISM boundary conditions in our model, which closely followed the guidelines of PlioMIP (Haywood et al., 2010 (Haywood et al., , 2011 . The main difference with the guidelines is that we started the ocean model from pre-industrial control conditions, and did not include any mid-Pliocene ocean temperatures reconstructions to force the ocean model. We implemented the "alternate" set of boundary conditions for simulations with AGCM and AOGCM, and included the results of one additional experiment with the AGCM, this time with "preferred" boundary conditions. This sensitivity test showed to have a significant impact on coastal surface temperature, but a weak impact on precipitation especially over the polar regions. For mid-Pliocene AGCM simulation, we find a global warming of 1.94 • C compared to the control, which is in agreement with previous simulations with AGCMs (Koenig et al., 2012; Yan et al., 2012) , and a broadening of the ITCZ due to reduced SST gradients, also in good agreement with other AGCM results (Kamae et al., 2011; Yan et al., 2012) . For the AOGCM simulation, the global simulated warming is 2.07 • C, a slightly cooler value than with other AOGCMs (Chan et al., 2011; Zhang et al., 2012) . We find that precipitation patterns are different in AGCM and AOGCM, due to the inability of the AOGCM to reproduce SST reconstructed patterns. To conclude, it is now important to focus on the multi-model analysis, to determine which processes are well reproduced and what are the governing mechanisms under a warmer climate.
